ABSTRACT Functional responses and superparasitism by the indigenous parasitoid wasp Lysiphlebus testaceipes Cresson (Hymenoptera: Aphidiidae) and the introduced parasitoid Aphidius colemani Viereck (Hymenoptera: Aphidiidae) on the greenbug, Schizaphis graminum Rondani (Homoptera: Aphididae), were measured at four temperatures (14, 18, 22, and 26ЊC) during a 24-h period (12:12 L:D). At each temperature, 5Ð75 greenbugs were exposed to individual wasp mating pairs for 24 h. At all experimental temperatures, functional responses for both wasps most closely Þt the type III model. Instantaneous attack rates (a) for A. colemani were not signiÞcantly different among experimental temperatures. However, for L. testaceipes, the estimate for a at 14ЊC was signiÞcantly lower than estimates at 22 and 26ЊC when data were Þt to a type II functional response model. When data were Þt to a type III functional response model for L. testaceipes, the estimate for a at 14ЊC was signiÞcantly lower than estimates at 18, 22, and 26ЊC. Superparasitism for both wasps was often less than expected if superparasitism were a random occurrence, suggesting that these parasitoids may be able to sense when the host has been previously parasitized. A. colemani achieved higher parasitism rates than L. testaceipes at lower temperatures. This observations suggests that A. colemani may be an effective addition to the parasitoid guild for biological control of the greenbug during cooler periods in the Southern Great Plains.
Aphidius colemani VIERECK AND Lysiphlebus testaceipes
Cresson are oligophagous parasitoids in the family Aphidiidae (Hymenoptera). Believed to be indigenous to India, A. colemani has been found in many other regions of the world (Ramakrishna Ayyar 1934 , Starý 1975 ). This parasitoid is currently produced commercially for biological control of Myzus persicae Sulzer and Aphis gossypii Glover (Homoptera: Aphididae) in contained cropping systems such as greenhouses (Grasswitz 1998) . A. colemani is reported to successfully parasitize several economically important cereal aphids including the greenbug, Schizaphis graminum Rondani (Starý 1975) , and has been observed parasitizing a number of aphid hosts other than small grain aphids (Elliott et al. 1994) . This parasitoid was released in many locations in the western United States in an effort to control Russian wheat aphids, Diuraphis noxia (Mordivilko) in the early 1990s (Prokrym et al. 1998 , Burd et al. 2001 . While it was not recovered in the Southern Great Plains, A. colemani was recovered in Arizona, California, and New Mexico (Prokrym et al. 1998) . If A. colemani is established in the Southern Great Plains, it could potentially contribute toward integrated control of greenbugs (Elliott et al. 1994) , especially during those times when endemic parasitoids such as L. testaceipes fail to provide effective control (Starks and Burton 1977) .
The nearctic parasitoid L. testaceipes uses greenbug and other cereal aphids as hosts throughout the central and western wheat growing regions of the United States and is considered to be one of the most important biological control agents of greenbug in the southern plains (Jackson et al. 1970) . L. testaceipes has been observed to suppress greenbug populations below economic thresholds in both wheat and sorghum (Rice and Wilde 1988 , Patrick and Boring 1990 , Jones 2001 . Greenbug populations are reduced directly through mortality and indirectly by reduced reproductive potential (Hight et al. 1972) . When parasitized, the reproductive span of a greenbug is 0 Ð5 d versus 25Ð30 d for nonparasitized greenbugs. Greenbugs parasitized as Þrst and second stage nymphs often do not reproduce at all (Hight et al. 1972) .
Effectiveness of parasitoids is highly dependent on their ability to search for and handle hosts at varying ambient temperatures. Current management guidelines suggest that daytime temperatures need to be consistently above 13.3ЊC for L. testaceipes to numerically respond to increasing greenbug populations (Patrick and Boring 1990, Royer et al. 1998 ). This assumption is based on the greenbug developmental threshold (5.8ЊC) being considerably lower than the threshold reported for L. testaceipes (Sekhar 1960 , Walgenbach et al. 1988 . However, recent studies indicate that the developmental threshold for L. testaceipes is 6.6ЊC (Elliott et al. 1999 , Royer et al. 2001 ). This lower developmental threshold value suggests that the previous assumption regarding conditions necessary for L. testaceipes to provide successful greenbug control may be in error.
Detailed knowledge of parasitoid biology other than developmental thresholds is important for predicting successful biological control of greenbugs in the southern plains. Information for each species, such as functional response and prevalence of superparasitism, in addition to knowing how temperature affects each of these measures, may greatly enhance predictability of biological control by L. testaceipes and A. colemani. Functional response analyses are commonly used to help predict the potential for parasitoids to regulate host populations (Solomon 1949, Oaten and Murdoch 1975) . Holling (1959a, b) , who developed mathematical models to describe natural enemy responses to changing prey or host density, initially described functional response. Type I responses are exempliÞed by a parasitoid with a constant attack rate over all host densities and a random search pattern. The number of hosts parasitized per female in a type I response is directly proportional to host density and represented by a linear response until satiation is reached (Hassell 1978) . Type II responses incorporate handling time, which refers to the act of subduing the host, host acceptance, oviposition, and then perhaps cleaning and resting before moving on to search for more hosts. The type III functional response model is depicted by a sigmoidal curve with an accelerating attack rate (caused by a change in search activity) as the host density increases. The rate then decreases again with increased handling time and as the parasitoids exhaust their ovipositional capacity (Hassell et al. 1977) .
The goal of this study was to describe functional responses of A. colemani and L. testaceipes on greenbugs infesting winter wheat at four temperatures that represent a common range of daytime temperatures in central Oklahoma during March. March is an important time period when greenbug populations can exceed the economic injury level (EIL) on winter wheat, and natural enemies can be important for their control (Kring and Gilstrap 1983, Jones 2001) . Numbers of parasitoid larvae present within parasitized greenbugs were used to estimate superparasitism rates for comparisons among temperatures. We further analyzed the frequency of superparasitism in an effort to evaluate whether this process was a random or nonrandom event. A random distribution of parasitoid larvae would suggest that female parasitoids do not exhibit ovipositional restraint when encountering previously parasitized hosts. A nonrandom, regular distribution of parasitoid larvae (higher than expected number of greenbugs with one parasitoid larva) would suggest ovipositional restraint (van Lenteren et al. 1978) .
Materials and Methods
Greenbug and Parasitoid Colonies. Biotype "E" greenbugs were obtained from colonies maintained at the USDA-ARS Plant Science and Water Conservation Research Laboratory at Stillwater, OK, and established on wheat (cultivar "2137") grown in a fritted clay and sphagnum moss mixture. Insect colonies and all wheat plants were kept inside double-walled Þne mesh cages within a greenhouse (Ϸ22ЊC). The double walled cages prevented contamination of colonies by feral greenbugs and parasitoids while permitting ample airßow. Fresh plants were rotated as needed into cages housing colonies.
Parasitoid colonies were maintained at 22ЊC and a photo-period of 12:12 (L:D) in double-walled Þne mesh cages in growth chambers. A. colemani adults were obtained from a colony at the Plant Science and Water Conservation Research Laboratory at Stillwater, OK. This colony was tracked back to parasitoids supplied by K. S. Pike of Washington State University that descended from parasitoids collected in La Cruz, Region V, Chile (Starý 1993) . L. testaceipes was isolated from specimens collected at Perkins, OK in the fall of 1999 (40 L. testaceipes adults isolated from Ϸ50 greenbug mummies). Pots of wheat infested by greenbugs were placed in the colonies every 3Ð 4 d to maintain a steady supply of parasitoids.
Functional Response and Superparasitism Studies. Functional response experiments were conducted with A. colemani in 1999 and with L. testaceipes in 2000. We evaluated a factorial arrangement of all treatments replicated as complete blocks. Experimental blocks were replicated 11 times for A. colemani and 10 times for L. testaceipes. For experiments with A. colemani, treatments included four temperatures (14, 18, 22, and 26 Ϯ 1ЊC) and targeted host densities of 10, 30, 50, and 70 greenbugs per parasitoid female. Temperatures were selected based on records for Oklahoma City during March for the years 1988 Ð1998. L. testaceipes was evaluated at the same temperatures, but the targeted host densities were expanded to include 5, 15, 25, 35, 45, 55, 65 , and 75 greenbugs per parasitoid female. This did not effectively change the overall range of actual greenbug densities but was expected to increase precision of measured functional responses. Numbers of greenbugs for each treatment were targeted but could not be achieved exactly because of handling mortality and pedogenesis.
Wheat seed (cultivar "2137") was planted in 5 by 20-cm Ray Leach "conetainers" (Stuewe & Sons, Corvallis, OR). When plants were Ϸ30 cm tall (Ϸ3Ð 4 wk), they were thinned to two similar sized tillers that were threaded through a 0.6-cm-diameter hole in a 5 by 0.6-cm-thick Plexiglas disk. The disk was Þtted into the conetainer at soil level, and cotton Þlled up the remaining area of the hole to create a sealed experimental arena from which insects could not escape. A 5 by 30-cm clear acetate tube with two 5-cm holes covered with Þne mesh polyester netting in the sides (to allow ventilation) was then Þtted around the top of the conetainer. The top of each tube was also covered with netting that was held in place by a rubber band. Greenbugs were introduced by placing second and third instars on wheat tillers in each conetainer with a Þne brush. By only using similar age greenbugs, complicating factors such as prey age preference by the wasps were avoided. Greenbugs were allowed to settle for 4 h before parasitoids were introduced.
During the dark cycle preceding experimental setup, parasitoid colonies were purged of all adult wasps. Eighteen hours later, during the subsequent light cycle, newly emerged wasps were aspirated individually into vials and sexed. This procedure ensured that all wasps tested were of similar age. At the beginning of the next dark cycle, single females and males were then placed into each conetainer infested with greenbugs. Conetainers were placed into growth chambers set at the range of temperatures previously stated.
After 24 h, wasps in each conetainer were removed, and their survival was recorded. If a female wasp did not survive, data from that conetainer were not used. Survival of the male wasp was noted, but did not inßuence whether data were discarded. During the 24-h period that the parasitoids were exposed to greenbugs, both species of wasps were only active during the 12-h light period and were quiescent when lights were off (D.B.J., unpublished data). After the removal of the parasitoids, conetainers were placed in a chamber at 26ЊC for 2.5 d to allow parasitoid eggs to develop into larvae before dissections were attempted. Subsequently, conetainers were held at 5ЊC to arrest parasitoid development until greenbugs were dissected. Eggs of both parasitoids are quite difÞcult to detect, thus delaying dissections until after hatching greatly improved accuracy of data (Hofsvang and Hågvar 1978, van Steenis 1993) .
Dissections were performed in an aqueous solution of 2% saline and 1% dishwashing detergent. Greenbugs were examined by grasping the head with a pair of Þne forceps and "pricking" the caudal region with a second pair of Þne forceps to open the body cavity. Contents were gently squeezed from the greenbug into the dissecting solution and examined for the presence of parasitoid larvae. Numbers of larvae present in each greenbug and the total numbers of greenbugs per experimental unit (cage) dissected were recorded. The total number of parasitoid larvae present was assumed to be equal to the total number of eggs laid per female in 24 h (this includes daytime active periods and nighttime inactivity by these parasitoids), although there may be some small differences because of egg mortality (Hofsvang and Hågvar 1978, van Steenis 1993) .
Statistical Analyses. All statistical analyses were performed using PC SAS version 8.2 (SAS Institute 1999) at a signiÞcance level of P ϭ 0.05. CoefÞcients of determination (r 2 values) were calculated using PROC NLIN to determine which functional response model (type I, II, or III) best described the number of greenbugs parasitized at each temperature over the range of host densities. The following models were evaluated:
In these models, N A is the number of hosts parasitized, N is the initial host density, T is the time available for searching during the experiment, a is the instantaneous attack rate, and T h is the amount of time the parasitoid spent handling the host. Because type II and III models provided the strongest Þt to data for both parasitoids, parameters a and T h were estimated from both models for comparison at each temperature. Although a and T h can be measured by observation (Mills and Gutierrez 1999) , it was not practical to do so in this experiment. Therefore, parameters a and T h from the type II and type III functional response models were estimated using PROC NLIN (Donnelly and Phillips 2001) . Instantaneous attack rates were not type I (linear) at all temperatures. Thus, they were compared pairwise among temperatures (for each species) using indicator variables (0 or 1) for temperature. Handling times were not long enough to change the statistical Þt of the functional response curve.
For each species, multiple regression (PROC REG) was used to compare superparasitism measures (number of greenbugs with Ͼ1 parasitoid larva) among temperatures. Data relating larvae per host for each parasitoid species were further analyzed by computing the expected Poisson distribution of greenbugs containing 0, 1, 2, 3, and Ͼ3 parasitoid larvae (van Lenteren et al. 1978) . At each temperature, expected values were pooled for parasitoids that encountered a deÞned range of similar populations of greenbugs (3Ð 20, 21Ð 40, 41Ð 60, and 61Ð 80 for A. colemani and 3Ð10, 11Ð20, 21Ð30, 31Ð 40, 41Ð50, 51Ð 60, 61Ð70, and 71Ð 80 for L. testaceipes). Based on available data, a total of 16 and 28 ranges were deÞned for A. colemani and L. testaceipes, respectively.
2 goodness-of-Þt tests were performed (PROC FREQ) to determine whether pooled parasitoid egg distributions were signiÞcantly different from expected Poisson distributions. Further analyses of superparasitism data were performed by taking the variance and mean (PROC MEANS) for the number of larvae per greenbug for individual wasps; data were pooled for similar host densities as previously described. Each variance to mean ratio was then subjected to a 2 test to determine whether ratios were statistically different from 1 (0.025 Ͻ P Ͻ 0.975); a variance to mean ratio equal to 1 indicates a random distribution of superparasitism (Young and Young 1998 ceipes), data for the two species were not statistically compared. It appears, however, that fewer greenbugs were parasitized by L. testaceipes over increasing host densities at the lower experimental temperatures (Figs. 1Ð3) .
Superparasitism. Maximum numbers of larvae found in one greenbug were 10 and 13 for A. colemani and L. testaceipes, respectively. For both A. colemani and L. testaceipes, levels of superparasitism did not noticeably change with increasing host densities. For A. colemani, the frequency of superparasitism over increasing host densities was not affected by increasing temperatures (F ϭ 1.8, df ϭ 3, 172, P ϭ 0.149, r 2 ϭ 0.031). There were no main effects of increasing temperature on superparasitism by L. testaceipes (P ϭ 0.223); however, a signiÞcant interaction between increasing temperature and host densities was detected (P ϭ 0.002). The mean number of parasitoid larvae per greenbug host were 1.17, 1.23, 1.42, and 1.44 at 14 Ð 26ЊC, respectively, for L. testaceipes and 1.18, 1.26, 1.35, and 1.34 at 14 Ð26ЊC, respectively, for A. colemani. This signiÞcant interaction is primarily because of the higher levels of superparasitism over moderate host densities at 18 and 26ЊC.
For both A. colemani and L. testaceipes, 2 goodnessof-Þt analyses of parasitoid larval frequency per greenbug revealed that frequencies of superparasitism were signiÞcantly different from expected. Poisson distributions for all temperatures for each parasitoid (P Ͻ 0.006). Calculated variance to mean ratios for numbers a a estimated by PROC NLIN and pairwise compared among temperatures (for each species) using indicator variables (0 or 1) for temperature.
of parasitoid larvae per greenbug indicated a regular distribution of superparasitism for both parasitoid species. Variance to mean ratios for numbers of A. colemani larvae per greenbug ranged from 0.08 to 0.51 and were signiÞcantly different from 1 (P Ͼ 0.975) in 13 of the 16 ratios computed. Variance to mean ratios for numbers of L. testaceipes larvae per greenbug ranged from 0.02 to 0.69 for 25 of the 28 ratios computed; however, only 9 of these ratios (at least 1 at each temperature) were signiÞcantly different than 1 (P Ͼ 0.975). Three of the variance to mean ratios for L. testaceipes were larger than 1 (1.06, 1.07, and 1.30), but these ratios were not signiÞcantly different from 1 (0.025 Ͻ P Ͻ 0.975).
Discussion
L. testaceipes has been observed to suppress greenbug populations in winter wheat, but cold temperatures may limit its effectiveness (Ramaseshiah et al. 1968 , Tyler and Jones 1974 , Elliott et al. 1999 ). Estimated instantaneous attack rates (a) for L. testaceipes calculated from type II and type III functional response curves were relatively high at all temperatures evaluated, but were signiÞcantly lower at 14ЊC (Table 2 ; Figs. 2 and 3 ). This negative relationship between temperature and attack rate is not unique to L. testaceipes; other parasitoid species, including Cephalonomia waterstoni Gahan (Hymenoptera: Bethylidae), and Cardiochiles phillippinensis Ashmead (Hymenoptera: Braconidae), have been observed to show signiÞcantly reduced attack rates as temperatures decrease (Flinn 1991 , Runjie et al. 1996 . For both A. colemani and L. testaceipes, handling times were not signiÞcantly detectable (P Ͼ 0.05) when data were Þt to type II and type III models at all temperatures, despite stronger Þts to these models (versus type I). Evaluation of increasingly higher densities may have allowed for the detection of handling times but would have been of little value toward predicting interactions between these parasitoids and greenbugs in winter wheat in the southern plains. Greenbugs rarely exceed densities of 75 per tiller (the highest evaluated in our study) in winter wheat Þelds (Daniels 1977, D.B.J., unpublished data) . Sekhar (1960) reported no ovipositional activity by L. testaceipes at 14ЊC. In contrast, Hunter and Glenn (1909) reported successful oviposition at 3.3ЊC and feeble attempts at 1.7ЊC. Our results indicate that L. testaceipes is actively seeking and ovipositing in greenbug hosts at 14ЊC, suggesting that oviposition likely occurs at lower temperatures such as those reported by Hunter and Glenn (1909) . This ovipositional activity, coupled with knowledge that the developmental threshold for L. testaceipes is only 0.8ЊC higher than the greenbug developmental threshold (6.6 versus 5.8ЊC), indicates that L. testaceipes should be able to respond to increasing greenbug populations during low to mild temperatures (Walgenbach et al. 1988 , Elliott et al. 1999 , Royer et al. 2001 . This is supported by Jones (2001) , who experimentally demonstrated that parasitoid to greenbug ratios Ͼ1/25 (4%) can prevent greenbug populations from exceeding EILs during early spring months on winter wheat in Oklahoma.
Although estimates of a for A. colemani varied considerably (type III estimate of a for A. colemani at 22ЊC), they were not signiÞcantly affected by the four temperatures tested (Table 2) . For the type II model, estimates of a for A. colemani were generally higher than those for L. testaceipes. This suggests that A. colemani could parasitize more greenbugs at lower temperatures than L. testaceipes. Considering this attribute alone, A. colemani seems to be a good candidate parasitoid for control of greenbug in late fall and early spring in the southern plains, when temperatures are frequently below 14ЊC.
Both parasitoids superparasitized their hosts. However, temperature had little to no effect on rates of superparasitism. We observed variance to mean ratios Ͻ1 (0.02Ð 0.69) for the number of parasitoid larvae in greenbugs in 41 of 44 ratios evaluated. 2 tests revealed that 22 of these ratios were signiÞcantly lower than 1 (P Ͼ 0.975), which indicates an overall trend toward a regular distribution of parasitiod larvae in greenbugs. That is, more greenbugs had one parasitoid larva than would be expected if parasitism were strictly a random event. This implies that both L. testaceipes and A. colemani may be able detect their eggs in greenbugs and that any superparasitism that occurred may simply reßect the tendencies of both parasitoids to superparasitize in the closed environment of the cage. Bakker et al. (1985) suggested that host discrimination is never absolute and that when parasitoids are conÞned with a Þnite supply of hosts for an extended period, they will superparasitize. Further studies with multiple female parasitoids per experimental unit may provide insights into the prevalence of superparasitism for populations of these parasitoids.
Our results suggest that L. testaceipes would be able to attack greenbugs at low temperatures (Ͻ14ЊC) common to winter wheat agroecosystems in the southern plains. Field observations in the southern plains further support these Þndings; greenbug populations are often heavily parasitized in winter wheat when temperatures are at or below 14ЊC (N.C.E., unpublished data). However, greenbug outbreaks occur somewhere in the Southern Great Plains almost every year, with widespread outbreaks reported every 5Ð10 yr (Starks and Burton 1977) . This indicates that the natural control system including L. testaceipes is not always sufÞcient to provide greenbug control. For those times when the greenbugs exceed EILs, addition of another biological control agent is desirable.
A. colemani (collected in Jordan and Pakistan) was released in many locations in the western United States in an effort to control D. noxia in the early 1990s (Prokrym et al. 1998) . While it was not recovered in the Southern Great Plains, A. colemani was recovered in Arizona, California, and New Mexico (Prokrym et al. 1998) . A later unsuccessful introduction into Colorado used A. colemani collected in Argentina (Burd et al. 2001) . Perhaps the strains of A. colemani used in these efforts were incompatible with the environment of the Southern Great Plains. Because A. colemani is found in many parts of the world and because many of its preferred hosts are present, it is difÞcult to believe that it cannot be established in the Southern Great Plains. Perhaps all that is needed is to Þnd the right strain that is compatible with the environment of the Southern Great Plains. The strain used in our study originated in Chile. We believe that introduction and establishment of this parasitoid strain into the Southern Great Plains could enhance effectiveness of biological control of greenbug.
